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The	 ectoparasitic	 mite,	Varroa destructor,	 shifted	 host	 from	 the	 eastern	 honeybee,	
Apis cerana,	 to	 the	western	honeybee,	Apis mellifera.	Whereas	 the	original	host	sur-
vives	infestations	by	this	parasite,	they	are	lethal	to	colonies	of	its	new	host.	Here,	we	





of	host	attractiveness	nor	of	 reproduction	 initiation	by	 the	parasite.	However,	 suc-
cessful	mite	reproduction	was	prevented	by	abnormal	host	development.	Adult	A. cer-




and	may	contribute	to	mitigating	the	 large-	scale	colony	 losses	of	A. mellifera	due	to	
V. destructor.
K E Y W O R D S
Apis cerana,	Apis mellifera,	host–parasite	coevolution,	parasite	reproduction,	Varroa destructor
1  | INTRODUCTION
In	 an	 era	 of	 globalization,	 international	 trade	 purposely	 or	 uninten-
tionally	 provides	 opportunities	 for	 the	 translocation	 of	 parasites	
beyond	 natural	 barriers	 (Hulme,	 2009;	Meyerson	&	Mooney,	 2007;	
Perrings,	Dehnen-	Schmutz,	Touza,	&	Williamson,	2005),	creating	op-
portunities	 to	 identify	 the	 processes	 of	 coevolution	 following	 host	
shifts	 (Antonovics,	 Hood,	 &	 Partain,	 2002;	Woolhouse,	 Haydon,	 &	
Antia,	 2005).	 The	 conditions	 for	 such	 a	 shift	were	 provided	 to	 the	
ectoparasitic	 mite	 Varroa destructor	 when	 colonies	 of	 the	 western	
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rapidly	 spread	 to	 reach	 a	 long-	lasting	 and	 near	 global	 distribution	





The	 ectoparasitic	 mite	 V. destructor	 parasitizes	 both	 immature	
and	 adult	 honeybees.	 It	 feeds	 on	 the	 hemolymph	 of	 its	 hosts	 and	













this	 resistance	 is	 based	 is	 not	 only	 of	 interest	 to	 better	 understand	
the	mechanisms	 underlying	 host–parasite	 coevolution,	 but	 also	 has	
important	 applications	 toward	 a	 better	 control	 of	 this	 parasite	 and	







1981;	 Koeniger,	 Koeniger,	 &	 Delfinado-	Baker,	 1983;	 Rosenkranz,	




populations	 to	 proliferate	 exponentially.	 Infestation	 rates	 can	 thus	
reach	damage	thresholds	and	ultimately	result	in	colony	losses	(Boot	
et	al.,	 1997,	 1999;	Huang,	 2012;	 Koeniger	 et	al.,	 1983;	 Rosenkranz	















era	 colonies,	V. destructor	 females	 enter	 cells	 in	which	worker	 lar-
vae	develop	just	before	the	adult	host	workers	seal	the	cells	with	a	
wax	cap,	ahead	of	pupation	(De	Guzman,	Rinderer,	&	Frake,	2007;	




















could	 trigger	 a	 higher	 hygienic	 reaction	 in	 adult	workers,	 thereby	
interrupting	parasite	multiplication	(Page	et	al.,	2016).	We	expected	
this	phenomenon,	coined	social	apoptosis,	 to	also	be	expressed	 in	
the	original	host	population	of	the	Korean	 lineage	of	V. destructor. 
We	here	 show	 the	existence	of	 this	 trait	 in	 a	Chinese	population,	
indicating	its	widespread	occurrence	in	A. cerana.	We	also	complete	
the	previous	study	by	investigating	the	effect	of	high	brood	suscep-
tibility	on	parasite	 reproduction.	Our	results	support	 the	 idea	that	
this	 trait	 is	 a	major	 determinant	 of	 the	 resistance	 to	 the	 invasive	
lineage	of	V. destructor	of	its	original	host,	A. cerana.
2  | MATERIALS AND METHODS
2.1 | Honeybee colonies
From	2013	to	2015,	experiments	were	performed	in	spring	and	au-
tumn	 with	 A. m. ligustica	 and	 A. c. cerana	 colonies	 at	 an	 apiary	 at	









et	al.,	 2013)	 by	 comparing	 mitochondrial	 DNA	 sequences	 to	 refer-
ences	deposited	 in	GenBank	 (V. destructor	Cox-	1	gene	458	bp	 frag-
ment,	accession	number	AF106899.1).
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2.2 | Attractiveness of A. mellifera and A. cerana 
worker brood for V. destructor
Brood	 combs	 containing	 several	 hundred	 5th	 instar	 worker	 larvae	
were	 taken	 from	 six	A. mellifera	 and	 six	A. cerana	 colonies.	 The	 po-












2.3 | Reproductive success of V. destructor on worker 






















2.3.2 | Experimental infestations with V. destructor
The	 experimental	 infestation	 method	 for	 both	 A. mellifera	 and	
A. cerana	brood	cells	 implemented	in	this	experiment	is	described	in	
Dietemann	 et	al.	 (2013).	 In	 brief,	 brood	 cells	 sealed	within	 the	 last	











stituted	controls	 for	 the	effect	of	cell	opening	 required	 for	artificial	
infestation	on	brood	development.	Six	to	49	larvae	were	infested	per	




cut	 out	 and	 suspended	 vertically	 in	 an	 incubator	 (34.5°C,	 70%	RH;	
Crailsheim	et	al.,	2013).
One	 day	 before	 the	 expected	 adult	 emergence	 (after	 11	 and	
10	days	 for	A. mellifera	 and	A. cerana,	 respectively),	 the	 infested	and	
uninfested	 cells	 were	 opened.	 The	 development	 of	 the	 honeybee	
brood	 was	 categorized	 in	 successive	 stages:	 larva,	 prepupa,	 white-	
eyed	pupa,	pink-	eyed	pupa,	purple-	eyed	pupa,	gray	wings,	gray	tho-
rax,	or	gray	abdomen	(Human	et	al.,	2013).	The	last	three	stages	were	








Reproductive	 parameters	 of	 V. destructor	 foundresses	 were	 re-
ported	for	each	host	species.	These	parameters	included	fertility	(the	
percentage	per	host	colony	of	foundresses	that	produced	offspring),	
fecundity	 (number	 of	 offspring	 produced	 per	 foundress),	 the	 devel-




also	measured	 the	 proportion	 of	 foundress	mites	with	 reproductive	
success	per	colony.
The	maximal	 reproductive	 potential	 of	 foundress	mites	was	 as-
sessed	using	hosts	 that	 had	 reached	pre-	emergence	 stages	 and	 ex-
cluding	hosts	that	did	not	complete	their	development	normally.	The	
latter	were,	however,	also	considered	to	obtain	the	overall	reproduc-




foundress	 had	 escaped	were	 counted,	 but	 discarded	 from	 the	 sam-
ple	to	evaluate	reproductive	parameters.	Control	cells	that	were	not	
experimentally	 infested	 but	 turned	out	 to	 be	 naturally	 infested	 and	
experimentally	infested	cells	with	multiple	infestations	were	not	con-
sidered	in	the	data	analyses.
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2.4 | Effect of adult workers on the reproduction  
of V. destructor in worker brood of A. cerana and 
A. mellifera
In	 order	 to	 determine	 the	 combined	 effects	 of	 worker	 brood	 and	
adults	on	the	reproductive	success	of	V. destructor,	we	placed	infested	
worker	 brood	 (see	 Section	2.3.2)	 back	 into	 their	 original	 colonies.	
For	 this,	we	used	five	of	 the	22	colonies	of	each	honeybee	species	
used	 previously.	 At	 least	 1	week	 before	 the	 observation	 started,	






same	number	of	10	 to	15	 sham-	treated	 cells	was	 attributed	 to	 the	
uninfested	 control	 group	 of	 each	 colony.	 After	 infestation	 or	 sham	
treatment,	the	combs	were	returned	into	their	colonies.	The	presence	
of	test	and	control	brood	was	monitored	every	24	hr	through	the	glass	
sides	 of	 observation	 hives	 to	minimize	 disturbance	 to	 the	 colonies.	



















The	Lilliefors	 test	 showed	deviation	 from	normal	distribution	of	er-
rors	 for	 the	 total	 number	 of	V. destructor	 offspring,	 the	 number	 of	
offspring	 at	 each	 developmental	 stage	 and	 the	 number	 of	 presum-
ably	mated	daughter	mites.	These	reproductive	parameters	were	thus	
compared	between	A. mellifera	and	A. cerana	with	generalized	 linear	
mixed	models	(GLMMs,	package	lme4	of	R	v.	1.1-	14,	Bates,	Maechler,	
Bolker,	&	Walker,	2014).	In	this	analysis,	honeybee	species	was	con-












ers	 in	 infested	and	 (ii)	uninfested	brood,	 (iii)	 reproductive	V. destruc-
tor	 foundresses	 (a	measure	of	foundress	fertility),	 (iv)	cases	 in	which	
a	son	and	at	least	one	mature	daughter	were	produced	and	(v)	V. de-
structor	foundresses	missing	from	the	experimentally	infested	brood.	
Generalized	 linear	models	 in	 R	 (glm	 function)	were	 thus	 performed	
to	determine	 if	host	species	significantly	affected	these	parameters.	
Binomial	error	distribution	was	used	given	the	proportional	nature	of	















3.1 | Attractiveness of A. cerana and A. mellifera 
worker larvae for V. destructor
The	number	of	 freshly	 sealed	worker	brood	cells	 available	 to	V. de-
structor	 for	 infestation	 were	 72.2	±	29.6	 (mean	±	SD)	 per	 comb	 for	
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A. mellifera	 and	 51.0	±	25.6	 for	 A. cerana.	 The	 infestation	 rates	 of	
these	cells	were	36.7	±	16.7%	and	47.2	±	16.4%	for	A. mellifera	 and	
A. cerana,	respectively	(Figure	1).
3.2 | Effect of V. destructor infestation on 
development of A. cerana and A. mellifera worker brood
In	 the	 absence	 of	 adult	 workers,	 the	 percentage	 of	 uninfested	
worker	brood	showing	abnormal	development	was	low	and	not	sig-
nificantly	 affected	 by	 host	 species	 (z	=	−1.869,	p = .062;	 Figure	2;	
Table	S2).	As	overdispersion	was	detected	for	the	model	for	infested	
brood,	a	model	with	quasibinomial	dispersion	was	used.	In	contrast	
to	 uninfested	 brood,	 host	 species	 significantly	 affected	 develop-
ment	(t	=	−7.763,	p < .001;	Table	S2).	Abnormally	developed	brood	
occurred	more	frequently	in	A. cerana	than	in	A. mellifera	(Figure	2).
3.3 | Effect of A. cerana and A. mellifera worker brood 
development on V. destructor reproduction
In	 the	 absence	 of	 adults,	 V. destructor	 produced	 offspring	 on	 the	
worker	brood	of	both	species.	Host	species	did	not	significantly	af-
fect	the	fertility	and	fecundity	of	mites	reproducing	on	normally	de-
veloping	brood	(z	=	1.367,	p = .172; z	=	0.609,	p = .542,	respectively;	
Figure	3a,b;	Tables	S3,	S4).	Neither	did	species	significantly	affect	the	





When	 reproduction	 on	 both	 normally	 developed	 brood	 and	 on	
brood	 showing	 abnormal	 development	 was	 considered,	 fertility	
but	 not	 fecundity	 of	 V. destructor	 foundresses	 was	 significantly	 af-
fected	by	host	species	(t	=	−2.784,	p = .008	and	z	=	−1.912,	p = .056,	
respectively;	 Figure	3a,b;	 Tables	 S3,	 S4).	 Except	 for	 the	 number	 of	
eggs	 and	 protonymphs,	 host	 species	 significantly	 affected	 the	 age	
distribution	 of	mite	 offspring	 1	day	 before	 imago	 emergence	 (Table	
S4).	A	 lower	number	of	female	deutonymphs,	adult	males,	and	adult	
daughters	were	observed	in	A. cerana	(Figure	3e–g).	In	contrast	to	the	






3.4 | Effect of adult workers of A. cerana and 
A. mellifera on V. destructor reproduction
A. mellifera	infested	brood	was	significantly	more	frequently	removed	
by	 adult	 workers	 than	 uninfested	 brood	 (log-	rank	 test,	 χ2	=	6.683,	
p = .010;	Figure	4)	and	the	same	held	true	for	A. cerana	(log-	rank	test,	





the	 presence	 of	 workers	 and	 the	 interaction	 between	 species	 and	
presence	of	workers	did	 (Table	S5).	This	 indicates	 that	 the	presence	
of	 workers	 influenced	 the	 proportion	 of	 missing	 mites	 differently	
between	 species.	 Due	 to	 the	 singularity	 of	 the	 contrast	 matrix,	 no	
pairwise	tests	could	be	performed.	However,	it	was	obvious	that	the	




A. cerana	 workers	 (5.67	±	8.8%).	 This	 pattern	 was	 not	 observed	
for	A. mellifera,	 in	which	 few	 foundresses	were	missing	 both	 in	 the	




ana	 (Figure	5)	 and	 A. mellifera.	 Their	 fertility	 and	 fecundity	 did	
not	 significantly	 vary	 depending	 on	 the	 host	 species	 (t	=	0.003,	
p = .998	 and	 z	=	0.609,	 p	=	.542,	 respectively;	 Figure	3a,b;	 Tables	






cies	 affected	 the	 percentage	 of	 foundresses	 that	 yielded	 at	 least	
one	 mated	 daughter,	 but	 not	 significantly	 so	 (t	=	0.041,	 p = .967;	
Table	S3).	This	percentage	was	inferior	 in	A. cerana	 (Figure	3i).	The	
absence	of	significant	differences	in	the	presence	of	workers	is	likely	
due	 to	 the	 low	number	of	 infested	cells	 that	escaped	hygienic	 re-
moval	in	A. cerana.
F IGURE  2 Percentage	of	uninfested	and	of	Varroa destructor 
infested	worker	brood	showing	abnormal	development	in	Apis 
mellifera	and	Apis cerana.	Values	are	means	±	SD. ***p <	.001	for	the	
effect	of	species	on	proportion	of	abnormally	developed	brood	in	a	
generalized	linear	model
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3.5 | Association between brood development and 
removal by adult workers
In	A. cerana,	prepupal	and	purple-	eyed	stages	were	represented	 in	
the	majority	of	brood	showing	abnormal	development	(75.5	±	5.3%),	
most	 of	which	was	 arrested	 at	 the	prepupal	 stage	 (53.2	±	12.8%).	
In	 line	 with	 this	 pattern,	 the	 majority	 (74.0	±	1.3%)	 of	 the	 brood	
removal	by	adult	workers	targeted	prepupal	to	purple-	eyed	stages	
(days	2–7;	Figure	4;	Table	S1),	with	the	most	targeted	(30.7	±	11.6%)	


























parametric	bivariate	correlation	test,	A. cerana: R2	=	.972,	p < .001; 
A. mellifera: R2	=	.857,	p = .008;	Figure	6,	Table	S1).	For	uninfested	
brood,	 this	 correlation	 was	 not	 significant	 (A. cerana: R2	=	.501,	
p = .115; A. mellifera: R2	=	.613,	p = .066).	 In	A. cerana,	 the	 infested	
brood	that	had	not	been	removed	1	day	prior	to	imago	emergence	








A. mellifera.	 However,	 when	 compared	 to	 A. mellifera,	 the	 develop-
ment	of	a	larger	proportion	of	A. cerana	worker	brood	was	negatively	
affected	 by	 infestation.	 The	 stages	 at	 which	 brood	 development	





thus	 rare,	 but	 remained	 occasionally	 possible.	 Building	 on	 previous	
knowledge	 (Page	et	al.,	2016),	 this	 result	provides	new	 insights	 into	
the	traits	providing	resistance	or	leading	to	susceptibility	to	the	inva-
sive	Korean	haplotype	of	V. destructor.
4.1 | The ability of V. destructor to infest and 
reproduce on A. cerana worker brood
Our	data	show	that	 the	commonly	 reported	absence	of	 the	Korean	
haplotype	of	V. destructor	 infestation	 in	worker	brood	of	 its	original	
A. cerana	host	is	not	due	to	its	lack	of	attractiveness	for	the	parasite.	
Worker	brood	of	A. cerana	was	infested	naturally	to	a	similar	degree	
to	 that	 of	 A. mellifera	 (Figure	1).	 Not	 only	 were	 V. destructor	 foun-
dresses	attracted	to	A. cerana	worker	larvae,	they	also	initiated	repro-
duction.	In	the	absence	of	adult	workers	that	could	bias	the	measure	
of	 mite	 reproductive	 output	 via	 hygienic	 behavior,	 all	 offspring	
stages	were	 represented	 equally	 on	 both	 host	 species	when	 brood	
F IGURE  4 Kaplan-	Meier	curves	showing	removal	of	Varroa 
destructor	infested	brood	by	adult	workers	of	Apis cerana	and	
Apis mellifera.	Log-	rank	test:	*p < .05; **p < .01	after	Bonferroni	
correction






















4.2 | The effect of brood susceptibility on 
V. destructor fitness
The	low	proportion	of	A. cerana	worker	brood	successfully	develop-
ing	 significantly	 reduced	 the	 reproductive	 success	of	 the	 invasive	
lineage	of	V. destructor.	As	development	anomalies	occurred	after	
the	triggering	of	oogenesis	of	the	foundress	mites,	earlier	offspring	









4.3 | Abnormal development of infested worker 
brood could trigger social immunity mechanisms
The	previously	reported	ability	of	A. cerana	to	detect	and	remove	large	


































When	 infestations	 over	 the	 whole	 experimental	 period	 did	
not	 impair	 the	 development	 of	A. cerana	workers,	 there	were	 not	






infest	 and	 successfully	 reproduce	 in	A. cerana	worker	 brood	 cells.	
At	which	 frequency	 this	 phenomenon	occurs	 naturally	 remains	 to	
be	determined.	Reproduction	in	worker	brood	has	been	previously	









ana,	 but	 increasing	 infestation	 has	 been	 shown	 to	 hinder	 develop-






structor	and	A. cerana.	Selecting	for	brood	susceptibility	in	A. mellifera 
could	thus	accelerate	the	adaptation	of	mites	to	their	new	host	and	
protect	its	populations	sustainably.
4.4 | Evolution of host susceptibility
Parasites	may	kill	their	hosts	in	many	manners.	They	can	directly	af-
fect	host	behavior	and	 reduce	host	dietary	 intake	 (Goater	&	Ward,	
1992),	or	 indirectly	affect	 its	survival	by	enhancing	susceptibility	to	
predation	(Combes,	1991;	Holmes	&	Bethel,	1972),	to	other	parasites	
(Price,	 1980)	 or	 by	 triggering	 suicide	 (Smith	 Trail,	 1980).	We	 have	
previously	proposed	that	the	high	susceptibility	of	A. cerana	worker	
larvae	 to	 infestations	with	 the	 invasive	 lineage	 of	V. destructor	 is	 a	
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experiment	with	mites	of	the	Korean	haplotype	collected	from	A. cer-














Smith	Trail,	 1980).	 Indeed,	 the	high	plasticity	of	 social	organization	
typical	of	honeybees	allows	for	a	rapid	response	of	colonies	to	demo-
graphic	changes,	including	losses	of	large	proportions	of	its	members	
that	 are	 rapidly	 compensated	 for	 (Shorter	&	Rueppell,	 2012;	Smith	
Trail,	1980).
5  | CONCLUSION
Our	 previous	 findings	 in	 Thai	 A. cerana	 populations	 suggested	
that	 brood	 susceptibility	 prevents	 the	 spread	 in	 A. cerana	 of	
the	 invasive	V. destructor	 lineage,	now	ubiquitous	 in	Asia	where	




brood	 remains	 to	 be	 investigated.	 It	 is	 important	 to	 determine	
whether	 this	 phenomenon	 is	 a	 specific	 reaction	 to	 the	 invasive	
mite	 haplotype	 or	 if	 infestations	 by	 any	 mite	 haplotype	 trigger	
it.	 Determining	 the	 reproductive	 potential	 of	 other	Varroa	 spp.	
haplotypes	 and	 species	 and	 identifying	 the	 resistance	 mecha-
nisms	 in	 different	 A. cerana	 host	 populations	 will	 help	 to	 iden-
tify	 the	 factors	 allowing	 for	or	preventing	parasitism,	 and	 those	
determining	the	virulence	and	host	specificity	of	this	parasite.	A	
better	understanding	of	interactions	in	this	system	(Navajas	et	al.,	
2010;	 Oldroyd,	 1999;	 Rueppell,	 Hayes,	 Warrit,	 &	 Smith,	 2011;	
Warrit	et	al.,	2006)	will	not	only	provide	fundamental	knowledge	
on	co-	evolution	between	hosts	and	parasites,	but	also	potentially	
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